Abstract. Population growth and economic development in Indonesia have increased the production of municipal solid waste (MSW) in many big cities, causing sanitary problems. The (MSW) disposal problem can be solved by applying an appropriate technology that can reduce the volume of the waste effectively and efficiently. Waste-to-Energy (WTE), or Energy-from-Waste (EFW), is one of the most effective and efficient technologies for reducing the waste volume. Energy recovered from the waste can be used for thermal or electricity generation. This paper deals with a feasibility study of utilizing MSW for generating electricity. A survey and investigation of waste characteristics, including waste composition, chemical and physical composition, and heating value, were carried out for typical Bandung MSW. An average heating value of 1500 kcal/kg can be expected from pre-treated MSW to be used as a fuel for direct combustion in a WTE plant. A typical design for a small-scale WTE plant is shown in this paper and also an energy analysis is provided. Approximately 800 kW of electric power can be generated from 50 tonnes of MSW per day.
Introduction
The amount of municipal solid waste (MSW) in many cities in Indonesia has increased significantly due to the population growth and economic development. Open dumping, the only method currently used for the final disposal of MSW, faces many difficulties due to the limited area available and resistance from surrounding communities. The MSW disposal problem can be solved by applying an appropriate technology that can reduce the waste volume effectively and efficiently. Moreover, the technology must be economically sustainable, and use a relatively small area over a long period of time. Waste-toEnergy (WTE), or Energy-from-Waste, is one of the most effective and efficient technologies for reducing the waste volume. Energy recovered from the waste can be used for thermal or electricity generation. Furthermore, open dumping of MSW generates green house gases such as methane and other poisonous gases when it is unintentionally burned. Hence, the utilization of a WTE plant could also reduce the green house gases emitted by dumped MSW. The application of WTE for removing green house gases is approved by UNFCCC's document AM0025 and is eligible for the Clean Development Mechanism (CDM) scheme [1] .
This paper deals with a feasibility study of utilizing MSW for generating electricity. The study covers only the technical aspect of the thermal analysis. A series of surveys were carried out to find out the composition of MSW in the Bandung area, followed by proximate, ultimate and heating value tests of the most important waste components. Since some of the components are taken for recycling and reuse, only the remaining components can be used as fuel for a WTE plant. The chemical and physical as well as the heating value of these remaining wastes were evaluated for their use as a fuel in the furnace and boiler of a small-scale WTE plant. The objectives of this study were to investigate the characteristics of typical tropical MSW and the possibility of applying this tropical MSW in a WTE plant. This paper provides information about the typical characteristics of MSW from tropical cities and a basic design for a small-scale WTE plant using tropical MSW.
Methodologies
The study started with a survey of MSW components. Municipal solid waste in many cities in Indonesia mainly comes from homes, public facilities, streets, offices, malls, and markets/supermarkets. Citizens are responsible for disposal of domestic waste to temporary collection/disposal areas (TPS), and the municipal authorities are responsible for its transfer from the temporary disposal area to the final disposal area (TPA). The MSW survey was carried out at 23 TPSs and TPAs in the Bandung area. From each TPS and TPA 3 m 3 MSW sample was separated into several component categories such as organic materials, food, glass, metal, recyclable plastic, non recyclable plastic, rubber, paper, foam, textile, electronics and other wastes. The analyses were carried out on eight consecutive days. The heating value, ultimate and proximate analysis was then done for each waste component. The tests were done at TekMIRA (Pusat Penelitian dan Pengembangan Teknologi Mineral dan Batu Bara, Kementerian Energi dan Sumber Daya Mineral, Bandung, Indonesia). The testing methodology/codes are summarized in Table 1 .
Some valuable waste components, such as recyclable plastic, paper, electronics, glass, and metal, are often selected and taken by informal collectors from TPS's and TPA's, hence only the remaining waste components can be incinerated in the WTE plant. The combined properties of these remaining waste components were calculated to predict their combined ultimate, proximate and heating value. These properties were then used for an energy analysis and the design of a furnace and boiler. The energy analysis was done using the Cycle Tempo software application [2] in order to find the operating conditions for the main components of the WTE steam power plant. The operating conditions were calculated with known heat input in the boiler. The heat input was calculated from the amount of MSW utilized and the predicted heating value. Then, the dimensions of the furnace and boiler were calculated using the FireCad software application [3] . The calculations were iterated to find the operating conditions that give maximum power output. 
Waste Characteristics
The results of the survey of the composition of the waste from the TPSs are shown in Table 2 . The table shows the MSW composition in mass and volume fraction respectively. The results of the proximate, ultimate, and heating value tests of several waste components are shown in Tables 3 and 4 . The tested samples were air-dried based (adb) samples. From these figures it can be seen that the MSW components were dominated by the element carbon. However, most of the carbon was in volatile matter, as the amount of fixed carbon was less than 20%. The higher heating value (HHV) of several of the components is significantly higher under adb conditions, which indicates a high possibility of being utilized as fuel. Although the amount of volatile matter was significant, as the waste contains a high moisture content in as received (ar) condition, direct combustion was chosen as the process for energy recovery in the WTE plant instead of gasification. The chlorine contained in the samples was also tested, because chlorine is a source of dioxin, a carcinogen that may be generated in lowtemperature combustion.
Valuable components such as recyclable plastic, paper, electronics, glass, and metal are often selected and taken by informal collectors from TPSs and TPAs, hence the remaining waste consisted only of organic matter, non-recyclable plastic and other wastes, as shown in Table 5 . The ultimate, proximate composition and heating value of this remaining waste are shown in Tables 6  and 7 . Based on these figures, the combined properties of the remaining waste components (organic matter, food waste, non recyclable plastic, textile, rubber, and miscellaneous) was calculated as follows:
where ϕ comp = any combined element, φ i = mass fraction of waste component, ϕ i = element i of the component. The related elements are: ash, moisture, fixed carbon, volatile matter, total carbon, hydrogen, oxygen, nitrogen, and sulfur of the combined remaining waste. The heating value (HHV) was calculated in a similar way. The proximate and ultimate elements of the combined remaining waste components can be seen in Table 8 .
The following equations are used to convert the air-dried based composition to as receive based composition [4] :
, ,
where z ar = any properties as received basis, z MAF = any properties moisture and ash free basis, z adb = any properties air dried basis, φ ash = ash mass fraction, φ M = moisture mass fraction, the subscript adb indicates air dried basis, while ar indicates as received basis. The proximate and ultimate elements on as received basis can be calculated at various moisture contents by assuming that the ash mass fraction is fixed at 20%, the value that is usually encountered in WTE plants. The fraction of elements with 40 to 60% moisture content can be seen in Table 9 . From Table 9 it can be seen that the sulfur content is less than 0.1%, which is lower compared to the average sulfur content in coal (0.7%) [5] . The chlorine content of waste fuel is less than 0.5%; this value is higher compared to the chlorine content in coal (0.3%) [6] but still within the range of biomass fuels [7] . The sulfur and chlorine contents are harmless concentrations because they are smaller than 0.3% and 1.0% respectively [8] . Q 1 = heat to evaporate moisture within the fuel:
Q 2 = heat to evaporate water that is formed from the combustion reaction of the hydrogen: From Figure 1 it can be seen that the heating value is strongly influenced by the moisture content. For the waste to be burned without using additional fuel, the moisture content should be lower than 50%, the ash content lower than 60%, and the fixed carbon content larger than 25% [9] . This condition is shown by the shaded area in Figure 2 . Since the actual moisture content in fresh tropical MSW can reach 60 to 70%, the waste has to be pre-treated before it can be burned in a furnace. For a moisture content of 40% the heating value (LHV) of the waste is around 1500 kcal/kg (6000 kJ/kg). This heating value and its related ultimate elements composition were used in the design of a WTE plant. 
Waste to Energy Plant
A small WTE plant concept is shown in Figure 3 ; the waste collected from the city is dumped into a ditch where informal collectors can select recycleable materials. Then the remaining waste is chopped in a chopping machine and distributed by a dozer on the drying floor. The WTE plant is planned to be located close to a TPA. The waste is air-dried for several days before it is sent to the furnace by a belt conveyor system, so that the moisture content drops below 40%. The waste is self-burned in the furnace at a temperature above 850 °C. The flue gas is used to generate steam in a boiler for electric power generation. The flue gas is treated and conditioned before it is released to the surrounding air through a stack. The operating conditions of the steam power plant were simulated using the Cycle Tempo software application. The input for the program was the technical specification of a commercial turbine, as shown in Table 10 . Assumptions used in the simulation were: 85% of turbine isentropic efficiency, 75% of pump isentropic efficiency, 28°C ambient temperature, 76% of relative humidity of the surrounding air, and saturated vapor at the outlet of the turbine. The simulations were done for a water-cooled and an air-cooled condenser; the results are shown in Figure 4 , and a summary of the results is shown in Table  11 . From the simulation results it can be seen that a small steam power plant can be fueled by the remaining waste from the MSW. Using a small steam turbine with extraction for an open type feed water heater (de-aerator), the plant produces 800 kW power. The system is a closed system using a low-pressure condenser.
A water-cooled condenser system produces a much higher net power compared to an air-cooled system. An air blower consumes a high power and reduces the net power output and thermal efficiency of the system.
The Cycle Tempo simulation results were used as the input for a furnace and boiler simulation. The FireCad software application was used for the simulation. The input and assumptions were: 4136.4 kg/hour steam mass flow rate, 13 bar of water pressure entering the boiler, water entering the boiler with a temperature of 115 °C, and a steam temperature at the Super-heater outlet of 340°C, a flue-gas temperature leaving the stack of 180°C, 80% excess air in the furnace, 20% flue gas return (FGR), and waste-element composition used in the simulation as shown in Table 11 . The FireCad simulation results were checked by re-inputting them into Cycle Tempo until convergence of steam mass flow rate and boiler heat load was reached. A summary of the results is shown in Table 12 . The results show that the waste mass flow rate is 2040 kg/hour or around 2 ton/h if the WTE operates 24 hours a day, 4.2 ton/h of steam and 800 kW of electric power will be generated. The resulted main dimensions of the furnace and boiler are shown in Tables 13 to 16 . The tables show that the furnace temperature reaches 900°C and the gas residence time is longer than 2 seconds, which fulfills the requirement for dioxin destruction [10] [11] [12] . The resulted dimensions have been checked manually and can be used for further designing of the plant. 
Conclusion
Based on the analysis results discussed above, it can be concluded that tropical municipal solid waste (MSW) can be used as a steam power plant fuel without using additional oil or solid fuel, even if recyclable components have been removed. The existing moisture content of the MSW is larger than 60%, so a pre-treatment process has to be applied to reduce the moisture content to 40-50%. The waste with a moisture content of 40% will have a heating value of 6500 kJ/kg or 1500 kcal/kg (LHV) on as received basis. Using the waste with a moisture content of 40%, a small WTE plant can be designed that can deliver 800 kW electric power from 50 tonnes/day or 2.04 kg/hr of waste. A WTE with an air-cooled condenser produces less power output and has lower thermal efficiency. The cycle simulation result data can be used for the design of a furnace and boiler. The results show that the waste may generate enough heat to maintain the furnace temperature at around 900°C and the gas residence time is longer than 2 seconds, as required for dioxin destruction. 
